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Abstract. Cirrus clouds play a vital role in regulating the global radiative balance and climate, with their 
net radiative forcing determined by microphysical properties, which are strongly related to the ice-nucleating 
mechanisms, i.e., heterogeneous or homogeneous nucleation. However, there are lack of direct observational 
cases regarding the influence of long-range transport of Asian dust on primary ice formation in cirrus over 
the Pacific. Here we report on two such dust-cirrus interaction cases over the central Pacific with the 
combined observations of space-borne Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) and 
Cloud Profiling Radar (CPR). Both cases show good agreement (within an order of magnitude) of in-cloud 
ICNC and nearby dust-related INP concentration (INPC) values, indicating that dust-induced heterogeneous 
nucleation is dominated in ice formation. This study shows that the natural supply of effective INPs to the 
upper troposphere can modulate the microphysical properties of cirrus clouds by acting as INPs and further 
influence on global climate. This information is useful for parameterizing ice formation in climate models. 

1 Introduction 

Cirrus clouds are ice clouds that widely exist in the 
upper troposphere and lower stratosphere when 
temperatures are lower than -38 ℃, and play a vital role 
in global climate by regulating the radiative balance of 
the Earth [1]. Ice crystals in cirrus clouds form via either 
homogeneous or heterogeneous, causing a large 
uncertainty in general circulation models [2]. 
Homogeneous nucleation usually produces small ice 
crystals with a larger ice crystal number concentration 
(ICNC) and tends to result in a net warming effect; in 
contrast, heterogeneous nucleation forms crystals with 
larger size but lower ICNC, which may weaken the 
warming effect [3]. It is still difficult to conclude the 
exact influence of cirrus clouds on global climate 
currently [4].  

Dust aerosols are one of the most efficient ice-
nucleating particles (INPs) in the middle and upper 
troposphere. Dust-triggered ice production is of great 
importance in global cirrus cloud formation [5]. The 
dust-cirrus interactions are widely studied for terrestrial 
and offshore regions [6]. However, over extensive ocean 
regions, few cirrus cloud observations are reported and 
the formation of cirrus clouds has not yet been 
investigated [7]. The maritime atmospheric environment 
is usually clean with an aerosol optical depth of <0.1 [8]; 
nevertheless, the average frequency of occurrence of 
cirrus clouds observed by CloudSat/CALIPSO can be as 
high as 0.3-0.4 [9]. Is cirrus formation only attributed to 
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homogeneous freezing over the ocean? In general, Asian 
dust plumes can undergo long-range transport to the 
North Pacific, Northern America, and even full circle 
around the globe [10]. Hence, the possible influence of 
transoceanic dust particles on cirrus cloud formation 
should be considered. Further, it is also of great interest 
to quantitatively examine whether transoceanic dust 
plumes can provide high-level INPC values farther over 
the central Pacific and thus alter the dominant ice 
nucleating mechanism over the remote ocean. This will 
help our understanding the potential dust-cirrus 
interactions over the remote ocean.  

This study examines the potential influence of long-
range transported Asian dust on cirrus cloud formation 
over remote oceanic regions based on the observations 
of CALIOP and CPR. Two cases near Midway Island 
(28.21°N, 177.38°W), located in the central Pacific 
within the transpacific dust belt, are studied in detail 
[11].  

2 Data and Methodology 

2.1 CALIOP observational data 

The spaceborne polarization lidar CALIOP on the 
CALIPSO satellite was utilized to obtain the vertical 
profiles of optical properties of cirrus clouds and dust 
layers. Level-1 product was used to provide the 532-nm 
total attenuated backscatter coefficient and volume 
depolarization ratio to examine the spatial distribution 
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of dust and cirrus layers. Level-2 aerosol profile product 
was used to obtain the vertical profiles of the aerosol 
extinction coefficient, particle depolarization ratio 
(PDR), and atmospheric volume description to study the 
optical and microphysical properties of dust and cirrus 
layers in detail [12]. We can obtain the vertical feature 
mask (VFM), aerosol subtype, and cloud subtype to 
identify ‘cirrus’ and ‘dust’ (including dust and polluted 
dust) from the ‘atmospheric volume description’. In 
addition, the meteorological data including the 
temperature, pressure, and relative humidity profiles 
along the satellite tracks were derived from the 
MERRA-2 reanalysis data. 

2.2 ICNC derived from the DARDAR dataset 

DARDAR dataset combines the co-located and quasi-
simultaneous detection of the CALIOP onboard 
CALIPSO and the CPR onboard CloudSat [13]. 
DARDAR-Nice profile product was employed to 
provide the profiles of in-cloud ICNC (𝑛୧ୡୣ ) for ice 
crystals having diameters larger than 5 μm, 25 μm, and 
100 μm, respectively [14,15]. Both products possess a 
60-m vertical resolution and a 1.7-km horizontal 
resolution. 

2.3 Dust-related INPC obtained with POLIPHON 
method 

The POLIPHON method was adopted to compute the 
dust-related INPC and dust mass concentration values 
[16,17]. It extracted the dust extinction coefficient 𝛼ୢ 
from the aerosol extinction coefficient 𝛼୮ provided by 
CALIOP level-2 data using the one-step approach, in 
which particles are divided into dust and non-dust 
components by the particle depolarization ratio [16]. 
The employed meteorological parameters are integrated 
within the CALIOP level-2 aerosol profile product. Here 
lidar ratio for dust 𝐿𝑅ୢ was assumed to be 45 sr [18]. 
Then, the dust extinction coefficient can be converted 
into cloud-relevant parameters, including the dust mass 
concentration 𝑀ୢ, particle number concentration with a 
radius >250 nm 𝑛ଶହ଴,ୢ , and particle surface area 
concentration 𝑆ୢ and 𝑆ଵ଴଴,ୢ (with a radius >100 nm), by 
multiplying the conversion factors 𝑐୴,ୢ, 𝑐ଶହ଴,ୢ, 𝑐ୱ,ୢ and 
𝑐ୱ,ଵ଴଴,ୢ. He et al. [19] calculated the conversion factors 
over Midway Island. For dust-related INPC 
computation, we applied the parameterization scheme 
U17-D (Eq. (7) of Ullrich et al. 2017) [20] for deposition 
freezing.  

2.4 HYSPLIT model 

To examine the potential regions of dust origin, the 
HYSPLIT (Hybrid Single-Particle Lagrangian 
Integrated Trajectory) [21] was used to compute the 
backward trajectories of the air masses originating at 
Midway Island.  
 

3 Results 

3.1 Case on 5 May 2010 

Figure 1 shows the CALIOP 532-nm total attenuated 
backscatter coefficient (TAB) and volume 
depolarization ratio 𝛿୴, and vertical feature mask, cloud 
subtype, and aerosol subtype on 5 May 2010. A cirrus 
cloud appeared at 8.3-10.0 km with 𝛿୴  exceeding 0.3 
and strong TAB. It was embedded in a dust layer with 
𝛿୴  values of 0.1-0.2 and weaker TAB; thus, ice 
formation in the cirrus cloud was possibly influenced by 
dust particles via heterogeneous nucleation. The dust 
plume originated from the Asian dust source regions two 
days earlier as simulated by the HYSPLIT model (see 
Fig. 2).  

 
Fig. 1. CALIPSO altitude-orbit cross section of the level-1B 
532-nm (a) total attenuated backscatter coefficient,  
(b) volume depolarization ratio product, and level-2 (c) 
vertical feature mask, (d) cloud subtype, and (e) aerosol 
subtype product on 5 May 2010.  
 

 
Fig. 2. The dust mass column density on 5 May 2010 from 
MERRA-2 data together with the 3-day backward trajectories 
simulated by the HYSPLIT model. The red line denotes the 
footprint of the CALIPSO satellite. 
 

As seen in Fig. 3, the dust layer at 9.0-9.8 km has a 
mean dust extinction coefficient of 25.6 Mm-1, 
suggesting that a large number of dust particles can still 
be well-retained within the plume during their long-
range transoceanic transport. PDRs generally range 
from 0.2 to 0.3, indicating the inclusion of pure dust 
particles. Figure 3e presents the dust-related INPC 
profiles calculated with U17-D parameterization. At 
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altitudes of 9.0-9.8 km, the layer-average dust-related 
INPCs are 7.2 L-1 for an assumed ice saturation ratio S୧ 
of 1.15, 96.3 L-1 for 𝑆୧ of 1.25, and 642.6 L-1 for S୧ of 
1.35. As a comparison, in-situ measurements over 
Florida observed a slightly higher peak INPC of 300 L-1 
(at a temperature of -36 ℃ and RHi of 123%) in the dust 
layer transported from the Saharan desert [22,23]. INPC 
values reach a maximum at the cloud top and then 
gradually decrease as the altitude decreases since INPCs 
strongly depend on the temperature.  

Figure 3e also provides the ICNCs larger than 5 μm, 
25 μm, and 100 μm from the DARDAR-Nice product, 
as denoted by 𝑛୧ୡୣ,ହ ஜ୫ , 𝑛୧ୡୣ,ଶହ ஜ୫  and 𝑛୧ୡୣ,ଵ଴଴ ஜ୫ , 
respectively. All these ICNC values show an 
enhancement around 9.5-km altitude, which is 
approximately 0.5 km below the cloud top. For cirrus 
clouds within the latitude of 31.5-31.8°N at 9.0-9.8 km, 
the average ICNCs are 140.7 L-1 for 𝑛୧ୡୣ,ହ ஜ୫, 60.4 L-1 
for 𝑛୧ୡୣ,ଶହ ஜ୫, and 7.1 L-1 for 𝑛୧ୡୣ,ଵ଴଴ ஜ୫. Ansmann et al. 
[24] observed ICNC values of 4.3-39 L-1 in cirrus 
clouds.  Cziczo et al. [25] reported that the ICNC values 
for heterogeneous freezing are typically 1-100 L-1. Thus, 
the ICNC values observed in this case reflect the typical 
situation of heterogeneous nucleation within the cirrus 
clouds. Above 9 km, the coldest part of the cirrus clouds 
with temperatures < -40 ℃, homogeneous nucleation is 
generally considered to take place because it is usually 
very clean there. However, abundant dust INPs were 
provided here by the long-range transpacific dust plume. 
Therefore, when dust particles come across this region 
with a high moisture level, it is conducive to the 
occurrence of heterogeneous nucleation and subsequent 
suppression of homogeneous nucleation by consuming 
available water vapor [26]. Comparing the in-cloud 
ICNC and dust-related INPC values, U17-D-derived 
INPCs with 𝑆୧ of 1.15 well agree with in-cloud 𝑛୧ୡୣ,ହ ஜ୫ 
(ICNC-to-INPC ratio of 0.9). Additionally, INPCs with 
𝑆୧ of 1.25 are closer to 𝑛୧ୡୣ,ଶହ ஜ୫ (ICNC-to-INPC ratio 
of 0.7), therefore, heterogeneous freezing should solely 
be responsible for ice formation in the cirrus cloud.  

 

Fig. 3. Profiles of the 532-nm (a) dust and total extinction 
coefficient, (b) particle depolarization ratio, (c) large particle 
number concentration and surface area concentration,  
(d) relative humidity RH and temperature T, and (e) 𝒏𝐈𝐍𝐏 and 
𝒏𝐢𝐜𝐞 on 5 May 2010.  

3.2 Case on 27 April 2008 

The second case was observed on 27 April 2008 as 
shown in Fig. 4. Ice clouds appeared between 
27.1~28.3°N at 10.0-11.4 km with relatively intense 
TAB and a large 𝛿୴ of > 0.3 and were embedded in a 
dust plume with 𝛿୴  values of 0.1-0.2 and a relatively 

weaker TAB. ‘Cirrus clouds’ can be seen with ‘dust’ and 
‘polluted dust’ in the vicinity. The 5-d backward 
trajectories were computed by the HYSPLIT model to 
confirm that the dust plume originated from the Asian 
dust source regions three days earlier (see Fig. 5).  

As seen from Fig. 6, CALIOP aerosol extinction 
coefficient and PDR profiles for the dust layers at 
latitudes of 27.1~28.3°N were utilized to estimate the 
effective concentration of dust INPs near the cirrus 
clouds. For the dust layer at 10.2-11.4 km, 𝛿୮ takes a 
relatively small peak value of 0.15 at 10.5 km; while the 
dust extinction coefficient is on average 10.6 Mm-1 with 
a maximum of 33.7 Mm-1. In addition, comparing the 
total and dust extinction coefficient, there is also a mass 
of non-dust aerosols carried within the dust plume, 
explaining the low 𝛿୮ values.  

 

 
Fig. 4. Same as Fig. 1 but for 27 April 2008. 
 

 
Fig. 5. Same as Fig. 2 but for 27 April 2008. 

 
Cirrus clouds generally appeared at 10.2-11.4 km. 

The average dust-related INPCs with 𝑆୧ of 1.15, 1.25, 
and 1.35 are 27.0 L-1, 416.7 L-1, and 3101.0 L-1, 
respectively. For the cirrus clouds with latitudes of 
27.8~28.2°N at 10.2-11.4 km, the average ICNC values 
are 376.6 L-1 for 𝑛୧ୡୣ,ହ ஜ୫, 167.7 L-1 for 𝑛୧ୡୣ,ଶହ ஜ୫, and 
20.0 L-1 for 𝑛୧ୡୣ,ଵ଴଴ ஜ୫ . An evident enhancement of 
ICNC values appeared at 10.2-11.4 km and reached the 
peak at ~11.2 km. Comparing the dust-related INPCs 
with 𝑆୧ of 1.25 with 𝑛୧ୡୣ,ହ ஜ୫, they agree well with the 
in-cloud 𝑛୧ୡୣ,ହ ஜ୫  with an ICNC-to-INPC ratio of 0.9. 
Besides, the U17-D-derived INPCs with 𝑆୧ of 1.15 also 
agree well with the in-cloud 𝑛୧ୡୣ,ଵ଴଴ ஜ୫ with an ICNC-
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to-INPC ratio of 0.7. Therefore, it can be concluded that 
only heterogeneous nucleation may explain ice 
formation. These lower ICNC values together with good 
agreement between INCN and INPC confirm the 
transoceanic dust particles are non-negligible in cirrus 
formation via heterogeneous nucleation even over the 
central Pacific. 

 
Fig. 6. Same as Fig. 3 but for 27 April 2008. 

4 Conclusions 

Two case studies are performed to prove that long-range 
transpacific Asian dust plumes can influence cirrus 
formation much farther over the central Pacific by 
providing a high level of INPC. The huge reservoir of 
INPs in the two cases originated from more intense 
Asian dust events caused by Mongolian anticyclones. 
Ice formation and microphysical properties of cirrus 
clouds over remote ocean regions can be regulated by 
the natural sources of INPs. At the upper troposphere, 
besides the long-range transported dust aerosols [27], 
sea spray particles originating from the sea surface, 
smoke aerosols from wildfire events, and volcanic-
emitted aerosols also have a potential impact on the ice-
nucleating regime as well as the radiative forcing of 
cirrus clouds over remote oceanic regions. The natural 
supply of INPs to the upper troposphere may modulate 
the microphysical properties of cirrus clouds by 
differentiating ice-nucleating regimes to induce a 
cooling effect on global climate. These aerosol-cirrus 
interactions over remote oceanic regions should be well 
considered in climate evaluation. 
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